Introduction
============

*Acinetobacter* species are a group of aerobic, oxidase-negative, nonlactose fermenting, Gram-negative coccobacilli able to cause infections in community and hospital settings.[@b1-idr-12-129],[@b2-idr-12-129] Although more than 30 *Acinetobacter* species have been identified, most clinical infections are caused by organisms within the *A. baumannii* complex (ABC). This complex includes four species: *A. baumannii*, *A. nosocomialis*, *A. pittii*, and *A. calcoaceticus*, the last of which is an environmental organism of negligible clinical significance. *A. baumannii* is the most common genomic species in most regions of the world and is associated with higher mortality and antimicrobial resistance compared with others.[@b2-idr-12-129],[@b3-idr-12-129] It is a major cause of nosocomial infections, especially in intensive care units (ICU).[@b4-idr-12-129],[@b5-idr-12-129] However, the standard biochemical identification techniques used in clinical microbiology laboratories do not distinguish *A. baumannii* from other *Acinetobacter* species.[@b2-idr-12-129]

*A. baumannii* is characterized by its great intrinsic and acquired resistance to many antibiotics.[@b3-idr-12-129],[@b6-idr-12-129] Infectious Diseases Society of America classified *A. baumannii* among the six most problematic multidrug-resistant (MDR) pathogens in hospitals worldwide.[@b7-idr-12-129]

Increasing resistance of Acinetobacter to antibiotics stems from various mechanisms such as developing extended-spectrum β-lactamases, carbapenemases and amino-glycoside-modifying enzymes, overexpression of active efflux pumps or changes in outer-membrane proteins, and penicillin-binding proteins.[@b1-idr-12-129],[@b8-idr-12-129],[@b9-idr-12-129] Currently, many *A. baumannii* isolates are resistant to all aminoglycosides, cephalosporins, and fluoroquinolones. Resistance to the carbapenems and combinations of a β-lactam/β-lactamase inhibitor, such as ampicillin--sulbactam, are also increasing.[@b8-idr-12-129],[@b9-idr-12-129] The advent of MDR bacteria and drop in the development of new antimicrobial agents have compelled the reintroduction of previously abandoned antibiotics active against resistant pathogens. Colistin, previously abandoned in clinical use because of a high rate of nephrotoxicity and neurotoxicity is currently a last-line therapy against Gram-negative bacteria such as *A. baumannii*.[@b8-idr-12-129],[@b10-idr-12-129]

In a recent study of 93 isolates of ABC in Nemazee Hospital (Shiraz, Iran), most of them (98.9%) were MDR isolates, resistant to three or more of the tested antibiotics. Among them, the least resistance was observed to be to colistin (only 1.1% of the isolates).[@b11-idr-12-129] Although there is great controversy over combination therapy or monotherapy of resistant *A. baumannii* infections, colistin-based combination therapy is a commonly used strategy in clinical practice.[@b12-idr-12-129],[@b13-idr-12-129] Furthermore, combination therapy may prevent the emergence of resistance under therapy.[@b4-idr-12-129] So, we aimed to compare the in vitro activity of colistin and the combination of colistin with ciprofloxacin, levofloxacin, imipenem, meropenem, ampicillin--sulbactam, and rifampin against *A. baumannii* species isolated from blood cultures of patients admitted to the ICUs of Nemazee Hospital, a major referral hospital in the south of Iran, affiliated with Shiraz University of Medical Sciences. Previous studies have shown the in vitro synergistic effect of colistin with various antibiotics, such as imipenem, rifampin, fosfomycin, and tigecycline.[@b14-idr-12-129]--[@b16-idr-12-129] In this descriptive, cross-sectional study, we examined colistin monotherapy and also the combination of colistin with six previously mentioned antimicrobial agents, one of which (levofloxacin) has not previously been studied in combination with colistin for *A. baumannii* infections.

Methods and materials
=====================

Bacterial isolates
------------------

This study was done on 20 isolates of lyophilized *A. baumannii* available in Doctor Alborzi Microbiology Research Laboratory in Nemazee Hospital. All of these isolates were separated from blood culture of patients hospitalized in the ICUs of Nemazee Hospital. Samples were collected as part of diagnostic tests performed as a standard of care in the hospital. The data became anonymous before the study, and therefore patient consent form was not required.

Stock preparation
-----------------

Two stocks were prepared from each sample by the following method. Each of those 20 samples were separately cultured on Blood Agar medium (Merck KGaA, Darmstadt, Germany) and placed in the incubator (Memmert GmbH, Schwabach, Germany) with temperature of 37˚C for 24 hours. After that, to avoid the possible contamination, each sample was cultured on MacConkey Agar (Merck) and placed in the incubator for 24 hours. It is notable that MacConkey Agar is a special medium that is suitable just for growth of Gram-negative microorganisms. Then samples were cultured on Blood Agar plates again. One colony of *A. baumannii* was transferred from each plate (by using a sterile swab) to sterile microtubes (ExtraGene, Taichung City, Taiwan) containing Tripticase Soy Broth culture medium plus 15% glycerol (Merck).

Biochemical identification tests
--------------------------------

To identify the isolates of Acinetobacter, Gram staining, oxidase test, and PCR were done.

Identification of *Acinetobacter* isolates at the species level was made by the PCR amplification of *gyr-B* gene. We used the method previously described by Higgins et al for multiplex PCR based on species-specific gyrB primers for confirmation of the identification of *A. baumannii* species.[@b17-idr-12-129]

MIC determination
-----------------

Minimum inhibitory concentration (MIC) is the lowest concentration of an antibiotic able to inhibit visible microorganism growth after 24 hours of incubation. We used E-test method to determine MIC. For this purpose, all *A. baumannii* samples were cultured on Blood Agar medium and incubated for 24 hours at 37˚C. Then two or three colonies of the cultured samples were transferred to Mueller--Hinton Broth (Merck) and placed in the incubator to get 1.5 × 10^8^ colony-forming units (CFU)/mL. In the next step, each sample was cultured on three Muller--Hinton Broth plates. Two E-test strips containing different antibiotics were placed on each plate. After 24 hours of incubation, MIC number of each antibiotic was read on the strip.

Synergy testing of colistin combinations with the broth microdilution checkerboard method
-----------------------------------------------------------------------------------------

Synergistic effects were determined by the broth microdilution checkerboard method[@b18-idr-12-129] performed in 96-well microtiter plates (SPL, Kyungki, South Korea) containing colistin and one of six other antibiotics (ciprofloxacin, levofloxacin, imipenem, meropenem, ampicillin--sulbactam, and rifampin). All antibiotics were obtained from Abcam, Cambridge, UK. Each antibiotic was diluted to concentrations ranging from 1/4 or 1/5 of MIC to four or five times more than the previously determined MIC (as 8× MIC, 4× MIC, 2× MIC, 1× MIC, 0.5× MIC, 0.25× MIC, 0.125× MIC, and 0 mg/mL). All of these steps were done under sterile condition using Class II Microbiological Safety Cabinets (Telstar, Terrassa, Spain). After 24-hour incubation at 37˚C, MICs were determined. The initial inoculum waŝ5 × 10^5^ CFU/mL. For each of the six combinations, the fractional inhibitory concentration index (FICI) was calculated according to the following equation: $$\text{FICI} = \frac{\text{MIC~of~drug~A~in~combination}}{\text{MIC~of~drug~A~alone}} + \frac{\text{MIC~of~drug~B~in~combination}}{\text{MIC~of~drug~B~alone}}$$

The FICI results for each combination were interpreted as follows: FICI ≤ 0.5, synergism; 0.5 \< FICI \< 1, partial synergism; 1 ≤ FICI \< 2, indifference; and FICI ≥ 2, antagonism.[@b19-idr-12-129] *Escherichia coli* ATCC 25922 and *Pseudomonas aeruginosa* ATCC 27853 were used as standard control strains for the assays.

Results
=======

Bacterial isolates and stock preparation
----------------------------------------

Twenty blood-culture-derived isolates of *A. baumannii* available in Doctor Alborzi Microbiology Research Lab were selected. Two stocks were prepared from each sample by the previously explained method.

Biochemical identification tests
--------------------------------

Oxidase test was done on all 20 isolates of *A. baumannii*. It was confirmed that all isolates were oxidase negative. *A. baumannii* isolates, which are Gram-negative, appeared pink in Gram stain.

The multiplex PCR based on difference in gyr-B gene was done to identify species of *Acinetobacter* isolates. All isolates of *A. baumannii* showed two bands of 240 and 640 bp, which are specific to this species.

MIC determination
-----------------

E-test assay was done on each sample, and MIC of *A. baumannii* to all seven antibiotics was determined. Results are shown in [Table 1](#t1-idr-12-129){ref-type="table"}.

Checkerboard synergy test
-------------------------

The synergistic effect of each of six antibiotics in combination with colistin was determined by the broth microdilution checkerboard method. Results of the checkerboard synergy test of colistin combination with other six antibiotics against all the 20 isolates of *A. baumannii* are shown in [Table 2](#t2-idr-12-129){ref-type="table"}. Comparison of synergy test results of all six combinations are summarized in [Table 3](#t3-idr-12-129){ref-type="table"}.

Discussion
==========

*A. baumannii* is a common pathogen in the ICU and is associated with high mortality and antimicrobial resistance.[@b2-idr-12-129]--[@b4-idr-12-129] Many *A. baumannii* isolates are now resistant to various antimicrobials such as aminoglycosides, cephalosporins, fluoroquinolones, carbapenems, and β-lactam/β-lactamase inhibitor combinations. Colistin is among limited last-line options active against MDR Gram-negative pathogens such as *A. baumannii*.[@b8-idr-12-129],[@b9-idr-12-129] As the rate of MDR *A. baumannii* isolates were seen to be high (98.9% of the isolated ABCs) in our center[@b11-idr-12-129] and colistin-based combination therapy is commonly used in clinical practice for this isolates,[@b12-idr-12-129],[@b13-idr-12-129] we aimed to evaluate the in vitro synergistic effects of antimicrobial combinations against *A. baumannii* isolated from blood cultures of patients admitted to the ICUs of Nemazee Hospital, a major referral hospital in the south of Iran. So, combinations of colistin with six commonly used antimicrobial agents (ciprofloxacin, levofloxacin, imipenem, meropenem, ampicillin--sulbactam, and rifampin) were examined by checkerboard assay to find the combination with the highest synergistic effect against this pathogen.

Among the six studied combinations, colistin--rifampin showed the highest synergy. In 11 (55%) of the 20 *A. baumannii* isolates, combination of colistin with rifampin showed synergistic effect (FICI ≤0.5), and in 40% of them, partial synergy (0.5 ≤ FICI ≤ 1) was recorded. At the opposite end of the spectrum, colistin--levofloxacin combination showed the lowest synergistic effect. Only in 5% of the isolates, synergy was seen with this combination. In 10% of them, antagonistic effect (FICI ≥2) was seen, and in 65%, effect of colistin and levofloxacin was not different either alone or in combination with each other (indifference: 1 ≤ FICI ≤ 2). In addition, colistin--imipenem combination exhibited the highest (40%) antagonistic effect. In a previous study on eleven isolates of *A. baumannii*, Hogg et al reported that the colistin--rifampin combination was synergic against eleven isolates and indifferent against two; antagonism was not detected in that study.[@b20-idr-12-129] Although only two isolates were categorized as susceptible to rifampin, this agent showed synergy with colistin against eleven isolates. It has previously been confirmed that rifampin combined with other antimicrobials (such as colistin, imipenem, ceftazidim, and ofloxacin) may be synergic against some MDR Gram-negative bacteria.[@b21-idr-12-129],[@b22-idr-12-129]

Recently a systematic review and meta-analysis (on 70 published articles and 31 conference proceedings) reported the in vitro synergistic activity of polymyxins combined with eleven other antibiotic classes against *A. bauman-nii*.[@b23-idr-12-129] It was concluded that carbapenems and rifampin combination could efficiently decrease the development of colistin resistance and displayed a \>50% synergy rate against colistin-resistant strains. Pooled synergy rates of polymyxins--carbapenems and polymyxins--rifampin combinations, checked by checkerboard method, were 39.6% and 60.3%, respectively. The synergy rate of rifampin--colistin combination in our study was 55%, which is near the result of this systematic review (60.3%). However, the synergy rate of carbapenems--colistin combination was lower in our study (colistin--imipenem: 20%, colistin--meropenem: 10%). Of note, the range of synergy rate for polymyxins--carbapenems combination was very wide in this review (95% CI: 19.6%--63.9%). So, our result was not improbable. On the other hand, the review considered two polymyxins (colistin and polymyxin B) together and pooled their data altogether.[@b23-idr-12-129] This can be another reason for the difference between their results and ours.

Our findings conflict with the results of two systemic review and meta-analysis of the in vitro synergy of polymyxins and carbapenems, which indicated significant advantages of combining meropenem with colistin, rather than imipenem, for *A. baumannii* infections.[@b23-idr-12-129],[@b24-idr-12-129]

In the current study, checkerboard synergy assay was done on colistin--levofloxacin and colistin--ciprofloxacin combinations for the first time. Colistin--levofloxacin combination indicated the lowest synergistic effect (5%) among the all six studied antimicrobial combinations. The synergy rate for colistin--ciprofloxacin was 15%. We could not find any study evaluating the synergistic effect of these two combinations and comparing it with other antimicrobial combinations.

The synergy rate of colistin with ampicillin--sulbactam was 15% in our study. A broad range of synergy rates has been reported in the previous studies on this combination, from no synergy to 92% synergy rate.[@b25-idr-12-129],[@b26-idr-12-129]

In general, the discrepancy between our results and other studies' findings could be due to using different methods for synergy examination. It has been previously shown that synergy rates of E-test and checkerboard microdilution assays in most antibiotic combinations are generally lower than those of time-kill assays.[@b23-idr-12-129],[@b24-idr-12-129] Another explanation could be the variance in sample size of different studies.

A number of methods have been used to detect in vitro synergistic effect of antibiotics. However, the checkerboard and time-kill assays are the most widely used techniques. The checkerboard method is a relatively easy test to perform. Several studies have compared results generated by the checkerboard and time-kill methods. While some studies have shown excellent agreement between these methods; controversy over the comparability of results generated by these techniques exists. Each method has its advocates. However there is no agreement on which one is the best and standard method to determine the synergy evaluation.[@b27-idr-12-129]

Conclusion
==========

In summary, based on in vitro checkerboard assay, we found that combination of colistin with ciprofloxacin, levofloxacin, imipenem, meropenem, ampicillin--sulbactam, or rifampin had synergistic activity against *A. baumannii* isolates in our center. Among them, colistin--rifampin had the highest potential synergistic effect. However, we cannot assume their efficacy in clinical practice because in vivo settings, such as drug concentrations in the site of action, load and resistance of bacteria, and host immune response in the body, cannot be totally simulated in vitro. Clinical studies are required to clarify the therapeutic potential of these antimicrobial combinations and to explore mechanisms responsible for its synergy.
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###### 

The minimum inhibitory concentration (MIC) values (mcg/mL) obtained using E-test method of antimicrobial agents against 20 *Acinetobacter baumannii* samples isolated from blood cultures of patients admitted to intensive care units of Nemazee Hospital

  Sample   MIC                                             
  -------- ------- ------- ------- ------- ------- ------- -------
                                                           
  1        1       0.2     0.5     2       0.009   0.009   0.25
  2        1       0.256   16      2       0.18    6       0.5
  3        1       0.4     0.05    8       0.025   2       0.125
  4        0.5     0.125   0.06    1       0.03    3       0.25
  5        1       0.2     0.05    8       0.015   1       0.25
  6        4       64      8       8       0.18    6       0.125
  7        4       128     32      8       0.25    4       0.25
  8        1       0.25    1       0.625   0.03    1       0.18
  9        1       0.5     0.03    2       0.015   0.5     1
  10       1       0.064   0.128   8       0.19    1.5     0.06
  11       1       0.188   0.094   4       0.19    0.75    0.25
  12       16      1       0.5     8       0.025   6       0.375
  13       2       128     6       0.15    0.09    2       1
  14       0.5     0.095   0.76    8       0.015   1       0.18
  15       1       64      8       8       8       12      0.25
  16       2       32      64      24      8       64      0.19
  17       1.5     64      32      48      32      64      0.375
  18       8       64      8       32      32      16      0.5
  19       0.5     128     8       16      8       24      0.093
  20       \>128   32      2       32      32      64      0.06

###### 

Checkerboard synergy study results for the combinations of colistin with six different antibiotics (rifampin, ciprofloxacin, levofloxacin, imipenem, meropenem, ampicillin--sulbactam) tested against 20 samples of *Acinetobacter Baumannii* strains isolated from blood cultures of patients admitted to intensive care units of Nemazee Hospital

  Sample   Combination of antibiotics with colistin                                                                            
  -------- ------------------------------------------ ------ ------- ------ ------ ------ ------- ------ ------ ------ ------- ------
                                                                                                                               
  1        0.75                                       part   0.62    part   0.37   syn    2.5     anta   1      ind    1       ind
  2        0.75                                       part   1       ind    1      ind    0.5     syn    1      ind    1       ind
  3        0.49                                       syn    0.07    syn    2.5    anta   1       ind    2.5    anta   1.5     ind
  4        0.62                                       part   0.56    part   2      anta   1       ind    2.5    anta   1       ind
  5        0.37                                       syn    0.75    part   2      anta   2.007   anta   0.75   part   1.5     ind
  6        0.6                                        part   0.56    part   0.74   part   2.5     anta   2.5    anta   1       ind
  7        0.5                                        syn    4.25    anta   2      anta   2.5     anta   1      ind    0.75    part
  8        0.37                                       syn    1.25    ind    1      ind    0.75    part   2.5    anta   0.375   syn
  9        0.5                                        syn    0.5     syn    2      anta   3       anta   1      ind    0.31    syn
  10       0.37                                       syn    2       anta   0.75   part   1       ind    1      ind    2.5     anta
  11       0.31                                       syn    2.06    anta   1      ind    1       ind    3      anta   2.5     anta
  12       0.25                                       part   1       ind    2      anta   2.06    anta   2.25   anta   1       ind
  13       0.625                                      part   2.125   anta   4      anta   2       anta   1      ind    0.5     syn
  14       0.5                                        syn    0.5     syn    2      anta   2.5     anta   0.75   part   1.25    ind
  15       0.37                                       syn    1       ind    0.62   part   0.37    syn    0.62   part   1.5     ind
  16       0.75                                       part   1       ind    2      anta   0.5     syn    0.55   part   1       ind
  17       0.3                                        syn    3       anta   0.55   part   0.5     syn    0.55   part   0.75    part
  18       1                                          ind    0.75    part   2      anta   0.75    part   0.37   syn    1       ind
  19       0.75                                       part   1       ind    4.5    anta   1.5     ind    1      ind    1       ind
  20       0.24                                       syn    2.58    anta   1      ind    0.625   part   0.37   syn    2.3     anta

**Abbreviations:** anta, antagonist; FICI, fractional inhibitory concentration index; ind, indifference; part, partial synergy; syn, synergy.

###### 

Results of the checkerboard synergy test of combination of colistin with six different antibiotics against 20 strains of *Acinetobacter baumannii* isolated from blood cultures of patients admitted to intensive care units of Nemazee Hospital

                                     Result               
  ---------------------------------- -------- ----- ----- -----
                                                          
  Colistin + rifampin                55%      40%   5%    0%
  Colistin + imipenem                20%      15%   25%   40%
  Colistin + ciprofloxacin           15%      25%   30%   30%
  Colistin + ampicillin--sulbactam   15%      10%   60%   15%
  Colistin + meropenem               10%      25%   35%   30%
  Colistin + levofloxacin            5%       20%   65%   10%
